Results are presented on two-dimensional numerical simulation of a decaying laser spark after the air breakdown. Radiation loss is modeled in a finite volume framework for a finite wavelength range of the emitted rays. The redistribution of assumed absorbed energy among different parts, namely the blast wave energy, the radiative heat energy and the leftover energy is quantified. About 5% of the absorbed energy is found to be trapped around the breakdown region after the blast wave moves away. A prediction is made about the actual available energy for ignition of a combustible mixture. A distinct rollup motion around the breakdown region is demonstrated from the simulation, which is in accordance with other numerical and experimental observations. Finally, the evolution of the blast wave radius with time is validated against in-house experimental data.
I. Introduction
When a laser pulse is focused in air, a part of the pulse energy is absorbed. For sufficiently high absorbed energy air breakdown takes place, which is initiated by multiphoton ionization followed by electron cascade breakdown [1, 2] . Upon cessation of the pulse, the breakdown zone undergoes changes which involve electromagnetic radiation, chemical and fluiddynamic phenomena. Electromagnetic radiation is emitted from the breakdown zone primarily by free electrons undergoing transitions to other free states or to bound states of atoms and ions, and also by bound electrons as they undergo transitions to other bound states.
Chemical changes involve short term recombination or dissociation of the species present depending on the temperature and pressure of the breakdown zone. Due to the pressure gradient between the breakdown zone and the ambience, velocity is induced in the initially stagnant air and depending on the absorbed energy, some fluid dynamic phenomena are observed, namely blast wave, vortex flow etc. These processes could grossly be called as the This paper is organized as follows. Sections II and III describe the simulation methodology, followed by results in section IV. A brief description about the in-house experiments and comparison of blast wave radius from numerical simulation and experiments is given in section V. The distribution of total energy among different part is described in section VI. A short summary in section VII concludes the paper.
II. Numerical Simulation
In simplified engineering approach, the Navier-Stokes equations are solved to determine the thermodynamic (e.g. pressure, temperature) and flow variables (e.g. velocity) in fluid flows.
However, additional equations may be required to be solved depending on the physical situation of the problem concerned and depending on required detail of the flow-field.
In the present numerical simulation, the plasma is assumed to reach LTE (Local Thermodynamic Equilibrium) and chemical equilibrium conditions on termination of the laser pulse. The numerical simulation tries to find the resulting thermodynamic, fluid dynamic and chemical situations for about 1 ms subsequent to the laser induced plasma formation. A laser-induced micro-plasma reaches LTE within nanoseconds after termination of the laser pulse. This is verified experimentally [9] and this assumption is used in previous numerical studies as well [6] . The main parameter which determines whether a laser induced micro-plasma reaches LTE or not is determined by minimum electron number density, so that the collisional processes dominate with respect to the radiative processes. It is found that for the kind of absorbed energy (93 mJ) used in this study, the plasma reaches LTE. It is important to note that this local equilibrium may apply only to a certain subset of particles in the system. In a radiating gas, the photons being emitted and absorbed by the gas need not be in thermodynamic equilibrium with each other or with the other gas particles of the gas in order for LTE to exist. During the decay of the laser spark, chemical non-equilibrium may arise and this is taken care of by solving additional species conservation equation with finite rate reaction chemistry.
The initial shape of a laser spark after cessation of the laser pulse is like a tear drop [8, 10] .
The axial symmetry of a laser spark allows one to carry out the simulation in two dimensions.
The solution domain can be assumed to be a slice (plane) passing through the axis of a laser spark. The Navier-Stokes equations along with species conservation equations in vector integral form for a two-dimensional case may be expressed as average quantities from the equations originally given by Roe under determined. In the present simulations, the average derivative terms are determined from the method described by Shuen et al. [12] . Roe's scheme results in unphysical expansion shock without correction to sonic rarefaction waves. In the present study the approach given by Toro [13] is followed to fix the problem. The original Roe's scheme is first order accurate in space. To increase the spatial accuracy to third order in space in smooth parts of the solution, the MUSCL extrapolation strategy [14] is pursued along with the Van Albada limiter [15] which suppresses spurious oscillations near a strong discontinuity.
The calculation of viscous fluxes requires the value of velocity and temperature derivative at cell interfaces. Here the procedure described by Peyret and Taylor [16] is followed. 
The strong spectral dependency of radiative properties of radiating gases render the simple grey gas approximation unacceptable if the radiation heat loss is to be calculated quantitatively. However it is also very difficult to integrate the above equation in the whole range because of requirements of high computational power and lack of data of absorption and other coefficients. One of the procedures for handling the frequency dependence of the coefficients in the RTE is the multi-group method [19] which assigns a given photon to one of the G frequency groups. All photons within a given group are treated in the same way, assigning average properties, such as the absorption coefficient, to that group. 
Because radiation is an inherently 3-dimensional phenomenon, radiation must be considered for the entire solid angle 4π over a two-dimensional computational domain. In the present simulation, first the radiation heat flux is calculated for a solid angle 2π and then multiplied by two to find the total radiation heat flux. The procedure for calculating total radiation heat loss is explained in section VI.
The expressions for other source terms in the vector S is given in the appendix. The source terms in the species conservation equations are treated implicitly in time following Bussings and Murman [20] . The inviscid fluxes, the viscous fluxes and the radiation terms are treated explicitly in time. The update formula for the conservative variables in a single time stage ∆ t = t n+1 -t n is given by
where S is the vector of source terms containing non-zero elements only for the species conservation equations and S 1n is the vector of source terms containing non-zero elements only for the energy equation due to the divergence of the radiation heat flux. For any computational cell it is convenient to write the above equation as
The time integration of the above equation to steady state is carried out based on a multistage Runge-Kutta method [21] which comprises of the sequence [21] so that it satisfies the linear stability criterion.
III. Initial and boundary conditions, domain size and solution methodology
Initially the laser spark is of trapezoidal shape [4] . The dimension of the trapezoid is given in FIG. 1. In this region the gas is at chemical equilibrium. The equilibrium composition is calculated by Gibbs free energy minimization procedure [22] and assuming that the internal energy per unit volume of the gas to be (93 mJ/3 mm 3 ). Here 93 mJ is the absorbed energy The use of ideal gas equation of state instead of Van der Waals equation is a simplification.
Rest of the domain is assumed to be at a temperature and pressure of 300 K and 1 bar respectively. The spectral radiation intensity and the divergence of radiation heat flux are calculated from this temperature distribution. After the first iteration, the temperature is recovered using the equation
and the process is repeated. The variables of equations 15 and 16 are described in the appendix.
The RTE is solved iteratively by the finite volume method [17] . In the beginning, the value of radiation intensity 
IV. Results
It is observed from the numerical solutions that there are two distinct phases of the decay process of a laser spark. In the initial phase, which lasts for about 0. pressure, density etc. In other words, the temperature change is found to be confined within 3 mm around the center although the pressure and density change beyond that region. It is found that in the region of 3 mm around the center, the dissociated species and hence, a part of the absorbed energy is trapped for time much longer than the time required for the pressure to equilibrate with the ambience. Because the blast wave has propagated away from the region, the heat is transferred mainly by radiation and thermal conduction. atmosphere while the pressure behind the blast wave is little above one atmosphere. Hence the streamlines change its direction from radially outward to radially inward and roll up motion are observed, which turns into a toroidal ring vortex. It is reported [8] that at short times vorticity is generated by baroclinic means while, at longer times reverse flow in the plasma core generates vorticiy. These roll up motions eventually die down, and at the end are marked by sporadic distribution (FIG. 9(r) ). Similar fluid motions are also observed experimentally [26] [27] . (FIG. 9(m, o) ). To understand the reason behind the appearance of the third lobe, streamlines are also plotted side by side (FIG. 9(n, p) ). Initially (up to about 0.61 s) the hot core region and the blast wave expand together and the streamlines change its nature as explained in the previous paragraph. However, after this the blast wave separates itself from the hot core region and the streamline pattern begins to show roll up motion (FIG. 9(j) ). The vortices thus generated are not equal in strength and it depends on the initial energy distribution and physicochemical properties of the medium. The roll up motion changes the shape of the core region. For example, if the shape of the core region after detachment of the blast wave is assumed to be ellipsoid with major axis along the X direction, the roll up motion changes the major axis to Y direction. However, due differences in strength of the vortices, the ellipsoid nature is lost and it gives the impression of appearance of a third lobe.
Bradley [1] assumes that there is a movement of hot gas to the left along the X axis during this period and hence the third lobe appears. The plot of streamlines from the present numerical simulation however, shows that the fluid motion is to the right through the third lobe.
V. Experimental validation of the blast wave expansion
Schlieren imaging of blast waves accompanying laser sparks was performed in a laboratory test rig to track its propagation in static air. The experimental setup is shown in FIG. 10 pixels. The field-of-view was 52 x 52 mm. To achieve a high temporal resolution, the laserinduced breakdown was repeated various times, and the delay between laser pulse and the starting time of the camera exposure was continuously increased by small steps of 0.1 to 2 µs.
Three breakdowns were recorded for every selected delay to account for statistical spread. The radii of the blast waves were derived from the schlieren images with a MATLAB algorithm. The experimental data represents an average over the three data sets for which the analysis was performed. The standard deviation between the radii of the three data sets was below 0.27 mm with an average of 0.068 mm. 
VI. Energy calculation
The total energy of a fluid dynamic system consists of internal energy and kinetic energy. In the present simulation, the calculations start with an assumed internal energy per unit volume (absorbed energy) and zero kinetic energy. However, during the evolution process, part of the internal energy is converted into blast wave energy and radiation heat energy.
As described in section IV, the blast waves moves quickly in radially outward direction leaving a region containing dissociated species around the center of the domain. The blast wave does not support the ignition process of combustible gases which is observed experimentally by Phuoc et al. [28] . The reason could be that the blast wave carries little internal energy with it and hence the temperature is not sufficient to initiate ignition in a combustible gas. However, the blast wave induces fluid velocity behind it and the blast wave energy refers to the kinetic energy of the induced fluid velocity. The blast wave energy is ultimately lost due to viscous dissipation. The evolution of the decaying laser spark is found to be consisting of two temporal phases.
In the first phases, rapid changes in the flow and physical variables occur while, in the second phase changes become much slower and more regular. The evolution of blast wave radius with time is plotted and compared with in-house experimental data. Distinct roll up motion and toroidal ring vortex appear in the second phase of the evolution process. The radiation heat loss is found to be negligible. The remarkable feature observed is the distinct heat transfer mechanisms in the two phases mentioned above. In the first phase convection and radiation are the dominant heat transfer mechanisms while it is conduction in the second phase. The blast wave is found to be carrying little internal energy along with it, leaving behind a region consisting of dissociated species at high temperature but at normal pressure. Here the physical variables are the density ρ , the velocity components v u, in x, y directions respectively, the pressure p , the temperature T , the internal energy e , and the total energy properties and u R is the universal gas constant. The specific heat of individual species pi C appearing above is calculated by statistical mechanics and fitted in a polynomial of temperature. The polynomial expressions and coefficients could be found in Pimentela et al.
[ 24] and Gupta et al. [25] . The diffusion velocities are found from Fick's law 
